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Porous amorphous germanium/carbon (Ge/C) composites, which were synthesized through the reduction/carbonization of germanium oxide/oleic acid precursors, could exhibit a high-capacity, high-rate and long-life performance due to the synergistic effect of the porous structure and carbon.
Recently, the demand for lithium-ion batteries (LIBs) with high energy/power density and long cycle life has been driven by the development of portable electronics. 1 To meet the demand, conversional anodes for LIBs (i.e., graphite, Li 4 Ti 5 O 12 ) should be replaced by high-capacity anode materials, such as transition metal oxides (TMOs) and some element anodes (Si, P, Ge and Sn). [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Compared to TMOs, element anodes (4200, 2596, 1600 and 994 mA h g À1 for corresponding Si, P, Ge and Sn) have a higher theoretical capacity. Among them, Ge is attracting attention due to high lithium diffusivity (400 times higher than that in Si) and high conductivity. 13 These merits make Ge attractive as a high-rate, high-capacity anode. However, their application is limited by their short cycling life due to the large volume changes (370% when fully lithiated to Li 4.4 Ge) during lithium insertion and deinsertion.
14
To solve this problem, many efforts have been made improve their cycling performance through facilitating strain relaxation, including morphological control, porous structure, carbon coating, and hybridizing with other components.
15-22 Among them, coating or hybridizing with carbon is the most effective way to protect Ge through embedding it in the carbon matrix.
23-30
Most of reported examples about Ge/C composites involve complicated procedures or special equipments. [31] [32] [33] Thus, easy fabrication of Ge/C composites is highly desired.
In this communication, we present the method of the thermoreduction/carbonization of germanium oxide (GeO 2 )/oleic acid precursors to synthesize the porous amorphous Ge/C composites. The as-obtained Ge/C composites have displayed to be the structure of Ge nanoparticles embedded in the carbon matrix. In virtue of this structure, the as-obtained porous amorphous Ge/C composites display long cycling life and good rate ability. The Ge/C composites could maintain a capacity of $681 mA h g , and obtain a capacity of $450 mA h g À1 at a current density of 6400 mA g
À1
. The as-obtained porous amorphous Ge/C composites are promising anodes for next-generation LIBs.
The composite and structure of porous amorphous Ge/C composite was characterized by X-ray diffraction (XRD) technique. As shown in Fig. 1 , all the peaks in the XRD pattern of the porous amorphous Ge/C composite could be well indexed with pure Ge (JCPDS card no. 04-0545). The absence peak of carbon in the XRD pattern of porous amorphous Ge/C composites is due to the existence of amorphous carbon. Thermogravimetric analysis (TGA) results in Fig. S1 † show the Ge content in porous amorphous Ge/C composites is calculated to be 62.6%, based on the weight loss upon carbon combustion and the oxidizing conversion of Ge to GeO 2 in air.
The morphology of porous amorphous Ge/C composites was characterized by transition electron microscope (TEM), and further mapped through TEM and energy-dispersive X-ray spectroscopy (EDS) by displaying the integrated intensity of Ge and C signals as a function of the beam position when operating the TEM in scanning mode (STEM). Fig. 2a and b show the whole morphology of the porous amorphous Ge/C composites, which indicate that the sample is composed the assembled particles. In magnied TEM image (Fig. 2c) , one could not discriminate between C and Ge. The magnied TEM image in Fig. 2d indicates there are no crystalline Ge nanoparticles. To conrm the distribution of Ge and C components in the composites, element mapping analysis was conducted. Fig. 2e displays high-angle annular dark eld scanning TEM (HAADF-STEM) image of the as-obtained porous amorphous Ge/C composites, which also indicate the porous characteristics of the composites. The mapping results ( Fig. 2f and g ) reveal that C and Ge are distributed homogeneously in the composites. Moreover, the BET surface area of porous amorphous Ge/C composites was measured to be 38.4 m 2 g À1 , and their porous size distribution mainly ranges from 3.5 to 17 nm, as shown in Fig. S2 . † The formation process of porous amorphous Ge/C composites involves two steps: (i) dissolve GeO 2 into oleic acid by ethylenediamine (en), and then evaporate the en; (ii) reduce and carbonize the GeO 2 /oleic acid precursors in the Ar/H 2 atmosphere at 650 C. The rst step is extremely important to obtain small particles of Ge from large GeO 2 microparticles (Fig. S3 †) . During the second step, oleic acid could be carbonized into amorphous carbon, 34, 35 and GeO 2 was reduced to Ge by hydrogen at the same time. Oleic acid play triple roles:
inhibiting the growth of Ge nanoparticles; providing C resource for the formation of the amorphous C, facilitating the formation of pores during the release of gases. In virtue of composites and porous structure, the porous amorphous Ge/C composites are expected to show promising electrochemical performance as anode materials for lithium-ion batteries. Fig. 3 shows the typical CV curves for the porous amorphous Ge/C composites. The cathodic peak (0.06-0.15 V) was ascribed to the alloying process of Ge to Li 4.4 Ge, respectively. The anodic peaks (0.41 and 0.56 V) were attributed to the de-alloying process of Li 4.4 Ge. These results are well in agreement with the lithiation/delithiation processes in the GeO x /reduced graphene oxide (GeO x /RGO) composite. 36 Compared to the reported Ge/C composites synthesized by a tandem plasma reaction method, the lithiation/delithiation voltages were obviously lowered. 33 Moreover, some irreversible capacity observed in the rst cycle could be attributed to the formation of the solid electrolyte interface (SEI) in the voltage range (0-0.8 V), which is also lower than the reported literature. 33 Moreover, the irrepressible capacity might be originated from to the decomposition of the electrolyte. Clearly, the electrochemical characteristics of the similar materials are strongly determined by their synthetic methods. In addition, the irreversible peak gradually disappears along with the cycling in the subsequent cycles. The CV curves of the following cycles are almost overlapped, indicating high reversibility of Ge in the composite and good overall cycling stability.
The rate ability and cycling performance of porous amorphous Ge/C composites were evaluated between 0.01 and 3.0 V (vs. Li/Li + ) by gradually increasing the current rate step-wise from 200 mA g À1 to 6400 mA g À1 , and then returning back to 200 mA g À1 with long cycles. Fig. 4a shows the voltage proles of porous amorphous Ge/C composites at various current densities. The characteristics of charge/discharge curves are similar to the results of reported Ge/C composites. The polarization was obviously increased with increasing current density, which is accorded with the GeO x /reduced graphene oxide (GeO x /RGO) composite.
36
Fig . 4b and S4 † show the plots of the charge/discharge capacity and Coulombic efficiency versus cycle number for the Fig. 2 (a-d) TEM images, (e) HAADF-STEM image (e) and XRD pattern of porous amorphous Ge/C composite, (f and g) corresponding C and Ge elemental maps. porous amorphous Ge/C composites, respectively. As shown in Fig. 4b , one can nd that there is a capacity-decreasing trend with increasing current rates. This is due to that the electron transport becomes the limiting step in the lithiation/ delithiation processes when current density increases dramatically. The porous amorphous Ge/C composites deliver reversible capacities of 836, 724, 630, 535 and 450 mA h g À1 at 400, 800, 1600, 3200 and 6400 mA g À1 , respectively. The electrode can deliver a reversible capacity of $681 mA h g À1 aer 350 cycles at a current density of 200 mA g À1 , even undergoing long cycles at higher current densities. As shown in Fig. S4 , † the Coulombic efficiency almost keeps above 98%, except several cycles when current densities were changed. The porous amorphous germanium/carbon composites have demonstrated to take excellent electrochemical properties in cycling life and rate ability. The long cycling life and good rate ability of porous amorphous germanium/carbon composites are attributed to good electronic conduction of amorphous carbon matrix, short Li insertion distances due to smaller particles, high interfacial contact area with electrolyte due to their porous structure and large BET area, which originate from the unique structure of germanium/carbon composites.
In conclusion, we have successfully developed an effective synthetic route to obtain porous amorphous Ge/C composites for lithium-ion batteries. The unique structural features of the porous amorphous Ge/C composites such as the electrically conducting of carbon networks and porous structure, make them promising as anode materials for next-generation LIBs. Moreover, we expect that our method could be extended to prepare other functional composite materials in future. Fig. 4 (a) Typical charge/discharge curves and (b) rate capability and cycling performance of the porous amorphous Ge/C composites at various current densities.
